Abstract-We investigate thermal noise mechanisms and present analytical expressions of the noise power spectral density at high frequencies (HF) in Silicon-on-insulator (SOI) MOSFETs. The developed HF noise model of RF T-gate body contact (TB) SOI MOSFET for 0.13-µm SOI CMOS technology accounts for the mechanisms of 1) channel thermal noise; 2) induced gate noise; 3) substrate resistance noise and 4) gate resistance thermal noise. The extraction method of modeling parameter utilized by Y -parameter analysis on the proposed small-signal equivalent circuit is demonstrated in this paper. Excellent agreement between simulated and measured noise data is obtained at different temperatures.
INTRODUCTION
SOI technology has been considered as a potential technology for low-power microwave circuits due to its excellent RF performance such as gain, speed, and cutoff frequency (f T ) [1] . It is prerequisite for the application of modern SOI technologies in RF circuits to better understand noise mechanisms [2] [3] [4] [5] . For the applications in low noise CMOS RF circuits such as low noise amplifier (LNA), accurate modeling of noise is quite important. In the past decade, HF noise characterization and modeling for bulk and floating body SOI MOSFETs has been widely studied [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , and some modeling methods have been proposed. In [16] , the authors proposed a channel segmentation model for accurate channel noise by several independent MOS model. In [17] , the author presented a physical understanding of both intrinsic and extrinsic noise mechanisms in a MOSFET [18] , a simple analytical model for the thermal channel noise of deep-submicron MOS transistors including hot carrier effects. However, the HF noise model of TB SOI MOSFET is rarely presented and discussed. Accurate physical-based noise model is needed to shorten the design cycle.
To HF noise modeling, the small signal circuit parameters and noise sources play important roles. In Section 3, we perform an extensive study of the noise mechanisms at high frequencies. The small signal equivalent circuit and parameter extraction techniques for TB SOI MOSFET are presented. In Section 4, we model the total drain-current noise, the gate-current noise, their cross-correlation and the four noise parameters. Finally, experimental verifications of the derived noise model are given at different temperatures.
PROPOSED DEVICE STRUCTURE
To suppress floating body effect (FBE), body contacts with different structures have been proposed. In this paper, multi-finger PD SOI nMOSFETs with TB structure are investigated. For a TB device, P + implantation is performed to form the P + body contact area. At one end of the T-type gate, a P + injection region is connected to the P-type body region. Because of the P + body contact area is connected with the ground, the hole produced by the impact ionization can be released from the body region in order to eliminate the Kink effect. The layout of TB SOI nMOSFET is shown in Fig. 1 . Figure 1 . Top view of the proposed TB SOI nMOSFET structure.
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MODEL PARAMETER EXTRACTION
A simplified small-signal equivalent circuit with the associated noise sources of TB SOI MOSFET is proposed in Fig. 2 . R g , R s , R d are gate resistance, source resistance, and drain resistance, respectively. G ds is the ac drain conductance and G m the ac transconductance. C ds , C gs and C gd are drain-to-source capacitance, gate-to-source capacitance and gate-to-drain capacitance, respectively. In order to verify the accuracy of the proposed noise model at different temperatures, onwafer two-port high-frequency scattering parameters (S parameters) and noise figure (NF) under ultra-low temperatures are measured from 1 to 20 GHz with a step size of 1 GHz by Université de Bordeaux. We use an accurate parameter-extraction approach [19] to get Y -parameters from deembedded S-parameters. The higher order terms of ωR X C X are too small to be neglected in the measurement frequency range. Y -parameter analysis on the proposed small-signal equivalent circuit can be approximated as follows:
For the extraction of substrate components, Y sub can be defined as follows:
All the components of the equivalent circuit can be extracted by the Y -parameter analysis. G m , G ds , R g , C gd , C gs and C ds are expressed as.
R bb , C bb and C db can be derived as [13] . In this paper, we simplify the extraction that R bb is obtained from the slope of the relationship for ω 2 /Re[Y sub ] versus ω 2 as follows:
C db is extracted from (13) as follows:
In this paper, the parameter-extraction technique is performed using multi-finger PD SOI nMOSFETs with TB structure of the channel length L = 0.13 µm, channel width W = 5 µm and number of fingers N = 4 at a biasing condition of V gs = 0.8 V, V ds = 1.2 V. The cryogenic DC performance and small signal AC performance of PD SOI nMOSFETs with TB structure can refer to [20, 21] . As shown in Fig. 3 , the simulated Y -parameters are found to agree well with the measured Y -parameters which indicates that the proposed small-signal equivalent circuit model can describe linear two-port characteristics commendably. The small signal parameters extracted at 300 K and 77 K are enumerated in Table 1 . The decrease in the gate resistance R g at 77 K is due to lower poly/silicide resistances at low temperatures. The capacitances are almost invariant with temperature. G m and G ds increase with decrease in temperature, largely due to increase in the effective mobility. 
HIGH-FREQUENCY NOISE MODEL
The MOSFET 1/f noise becomes negligible, and thermal noise is the dominant source of device noise at high frequencies. As the small-signal equivalent circuit already describes the linear two-port characteristics, the total drain-current noise S id , total gate-current noise S ig and their cross-correlation S igid * are required, and the noise performance of any noisy two-port network can be represented by Eq. (15) .
NF is the noise figure, NF min the minimum noise figure, R n the equivalent noise resistance, Y opt (= G opt + j * B opt ) the optimum source admittance that results in NF min , and Y s (= G s + j * B s = 50) the source admittance.
Channel Thermal Noise
The channel thermal noise induced by the random motion of the carriers in the inversion channel of the MOS transistor is the main contribution to the drain current noise power spectral density (PSD) [22] .
The channel thermal noise model is developed based on Tsividis' method [23] , and the linear part of channel is divided into small sections of length Δy as shown in Fig. 4 . However, Tsividis cannot consider the impact of channel length modulation (CLM), velocity saturation effect (VSE) and hot carrier effect (HCE) [24] [25] [26] . In addition, experimental results indicate that GCR (gradual channal region) significantly contribute to the channel thermal noise [27] . Fig. 5 shows a detailed schematic indicating the partition in the GCR and velocity saturation region (VSR), which is used in the noise analysis. The negligible contribution from the VSR can be attributed to the fact that carriers travel at constant velocity and therefore are insensitive to channel voltage random fluctuations [28] . With consideration of these effects [29] , the channel thermal noise can be derived,
Q I (V y ) = C ox (V GT − αV y ) is the inversion layer charge density. C ox is the gate capacitance per unit area. k is Boltzmann's constant. α is the bulk charge effect coefficient, μ eff the effective mobility of the carrier, L eff = L − dL the length of the gradual channel region, and V DSeff the drain bias smoothening function, which are obtained from BSIMSOI4. E y is the lateral electric field and E c the critical electric field. The channel thermal noise can be derived as follow:
Induced Gate Noise
The channel thermal noise is coupled to the gate terminal through the gate capacitance, resulting in the induced gate noise. The magnitude of this noise is directly proportional to the frequency as the earlier work by van der Ziel [30] , and the induced gate noise was modeled for a MOSFET by Shoji [31] that treated the channel as an active distributed RC transmission line. Based on [13, 30] , we consider the gradual channel approximation, and the induced gate noise spectral density can be obtained,
By integrating Eq. (18) over the whole channel, the induced gate noise spectral density is given as,
Substrate Resistance Noise
According Jindal's original analysis [32] , the thermal voltage fluctuations across the total distributed substrate resistance Rbb induces a fluctuating substrate potential, and these random variations are coupled to the FET channel. Based on Nyquist's assertion of thermal noise [33] , the noise voltage spectrum can be adequately described by Equation (15) and coupled to the channel through the backgate (substrate) transconductance G mb .
The thermal noise generated in the substrate network is coupled to the gate terminal through the gate-bulk capacitance C gb , resulting in gate-current noise S ig sub . Due to the small C gb , S ig sub can be negligible. Effective substrate capacitance C b is approximately equal to the channel-substrate series capacitance. Due to the thick buried oxide (BOX) in SOI MOSFET, C b is approximately equal to C db . The noise contribution from the substrate resistance can be reduced by using a high resistive substrate (R bb → ∞) or a "metallic" substrate (R bb → 0).
Gate Resistance Thermal Noise
When the device transconductance approximates the conductance of the resistive gate, the resistive gate becomes important and can be a significant contributor to noise. Thornber [34] first proposed a solution to this problem for a simple gate geometry. In fact, typical IC layouts are far more complex, so Jindal developed new formulation with many effects [35] . Like any other AC signal, the voltage noise across the gate resistance can be amplified to the drain through transconductance G m . An additional drain current noise can be derived as Eq. (22). At high frequency, the gate-current noise due to the voltage noise across the gate resistance cannot be recognized [35] and can be obtained as Eq. (23).
Correlation between Drain-Current Noise and Gate-Current Noise
Since the noise sources of the channel current noise S id ch and channel-induced gate noise S ig ch are both from the channel, S id ch and S ig ch are correlated, and this noise correlation can be given by,
The contributions of the gate resistance to drain current and gate current noise are correlated, and the correlation is expressed as [36] :
Based on the calculated noise sources, we can summarize the total drain-current noise S id , total gate-current noise S ig and their cross-correlation S igid * . (29) In the end, the four noise parameters can be modeled from the noise power spectral density [37] .
Extracted total drain-current noise S id , total gate-current noise S ig and their cross-correlation S igid * versus frequency for different temperatures are shown in Fig. 6 . A positive temperature coefficient of the NF extracted in Eq. (15) versus temperature can be seen in Fig. 7 . The good fitting results prove the accuracy of the proposed noise model. 
CONCLUSION
A thermal noise modelling method for RF SOI MOSFETs is developed based on small signal analysis. The model parameter-extraction technique is demonstrated by utilizing Y -parameter analysis on the proposed small-signal equivalent circuit. Excellent agreement between the simulated and measured data of 0.13 µm TB SOI nMOSFETs is obtained, which indicate that the proposed noise equivalent circuit model is accurate, and its parameter-extraction method is reliable.
